Abstract-An ultrasensitive optical nanofiber coupler (NFC) for thermal and refractive index sensing with nanoscale dimension is proposed and experimentally demonstrated. The NFC operating near the cut-off region of the higher order modes is fabricated by fusing and pulling two standard telecom fibers using the modified flame brushing technique. Due to the submicron diameter, the NFC exhibits an anomalous behavior in close proximity to the odd supermode cut-off wavelength, where the high extinction ratio spectral oscillations exhibit very slow oscillations. The sensitivity of this region is exploited for thermal sensing over a broad range of temperatures (84°C-661°C). An average temperature sensitivity of 55 pm/°C and a maximum sensitivity of 60 pm/°C at the highest temperature were demonstrated. Owing to its small size, the thermal sensor exhibits a fast response time of ∼7.2 ms. The sensor capability for detecting refractive index changes is also examined with different ethanol concentrations. A record sensitivity of 4.80 × 10 5 nm/RIU was achieved, which is the highest reported value in all optical fiber refractometers.
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I. INTRODUCTION
T HE fused optical fiber coupler is a relatively simple passive component, which due to its high performance and low cost, is widely exploited in telecommunications for optical power splitters, various types of interferometers, and coarse wavelength division multiplexing. In the last decade, the optical fiber coupler has been also applied to sensing applications such as pressure [1] , micro fluidic flow meter [2] , force [3] , magnetic field [4] , ultrasound [5] , [6] and temperature [7] , [8] . This optical sensor benefits from immunity to electromagnetic interference, resistance to corrosion, high sensitivity, and possibility to work in contact with flammables and explosives.
Thermal sensing is one of the areas where fiber couplers could be particularly useful. Optical fiber thermometry has been investigated for many applications including in the oil and gas industries, electric circuits health monitoring and structural health monitoring. Photonic crystal fibers (PCF) [9] , [10] , polarization maintaining fibers [11] , Fabry-Perot cavities [12] , and in-line modal interferometers [13] have been proposed for thermal sensing. However, practical applications are severely limited by complex fabrication processes and high cost. Thus, fiber Bragg gratings (FBG) and long period gratings (LPG) are the most commonly and widely used optical fiber point temperature sensors [14] , [15] , despite exhibiting a relatively slow response time owing to the large size. Recently, optical microfibers have been investigated for thermal sensing because of their compactness, quick manufacturing, high sensitivity, and fast response time [7] , [8] , [16] . Another area full of potential for optical fiber couplers is refractometry, which is widely used in metrology, environmental monitoring, chemical and bio-medical sensing. Similar to temperature detectors, several types of optical fiber refractometers have been investigated, such as FBGs, LPGs, PCFs and in-line fiber interferometers [17] , [18] . In recent years, refractometers based on microfibers and microresonators have been investigated with outstanding sensitivity, including the microsphere [19] , microfiber loop [20] and microfiber coil resonators [21] . However, they exhibit a low sensitivity per refractive index unit (RIU), typically 40-800 nm/RIU. The optical microfiber coupler (MFC) with a waist diameter of few microns, has shown an immense potential for sensing applications owing to its high evanescent field and large transmissivity changes [22] . Reducing the coupler waist diameter to hundreds of nanometers exponentially increases the evanescent field, thus the coupler interaction with the surrounding environment.
In this paper, we demonstrate a compact high sensitivity thermometer and refractometer based on a nanofiber coupler (NFC). The NFC operates in the odd supermodes cut-off regime, allowing it to maintain high sensitivity over a large range of temperatures and measure minute changes in ambient refractive index.
II. PRINCIPLE AND FABRICATION
A typical NFC is composed of two input ports (P 1 and P 2 ) and two output ports (P 3 and P 4 ) as shown in Fig. 1 , a coupling region of uniform waist formed by two fused parallel nanofibers and two transition regions which connect the waist to the input and output ports. When light is launched into one of the input ports, both even and odd supermodes are simultaneously excited. In the coupling region, the wavelength dependent beating of supermodes leads to a continuous change in the power distribution along the coupler cross section, which 1558-1748 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. results in a different power splitting at the output ports for different optical paths. Although the coupler supports multiple supermodes, only the first two are excited, resulting in the singlemode operation at its fiber pigtails. When the diameter (d) of a single nanofiber at coupler waist is smaller than 1 micron, only the first and second supermodes exist in the coupler and at d ∼560 nm only one supermode is supported in the third telecom window (Fig. 2) .
In the multimode region at λ < 1520 nm, the beating between two supermodes gives oscillations with high extinctio ratios. In the cut-off region (1520 nm < λ < 1560 nm), the two supermodes stop beating as one of the supermodes is weakly guided due to the small diameter of the coupler and therefore the two supermodes have a very large difference between their propagation constants β even = β odd . Furthermore, since the odd supermode has a much larger fraction of its power in the evanescent field, it is excited less efficiently than the even supermode. For this reason, the power is not distributed equally between the even and odd supermodes and so full power exchange during beating is not possible, leading to a very small dip at 1530nm in Fig. 2 and a relatively flat transmissivity over nearly 40 nm. At longer wavelengths, only one supermode is supported by the NFC, resulting in a constant output at both ports, as shown in the single-mode region in Fig. 2 .
The NFC can be seen as a weakly fused coupler, approximated as two touching cylindrical waveguides. In this case, the coupling coefficient for the X polarization (C x ) and Y polarization (C y ) are given by [23] :
where a is the nanofiber diameter, U ∞ = 2.405 and
1/2 and n 1 and n 0 are the refractive indices of the silica and ambient air, respectively. If the injected light at input port 1 in the NFC is unpolarized, the normalized power at an output port is described by:
where L is the coupling region length of the NFC. The modal optical paths depend both on the coupling region length and supermodes effective indices, which in turn are affected by the refractive index of the surrounding medium and by the temperature. That provides this structure its unique sensitivity for both temperature and refractive index changes.
The NFC was fabricated from two telecom fibers (Corning SMF-28e, United States) using the microheater brushing technique [24] . The two single mode fibers were stripped of their acrylic coating over a length of ∼50 mm and twisted 1.5 turns around each other. The twisted region was fused together using a resistive ceramic microheater (NTT-AT, Japan) with an estimated temperature of ∼1450°C. An optical microscope image and the scanning electron microscope (SEM) image of the NFC are shown in Fig. 3(a, b) : the length of the uniform waist region of fabricated NFC was 4 mm with a coupler waist diameter of ∼ 1120 nm, providing a single nanofiber diameter of ∼ 560 nm.
III. TEMPERATURE MEASUREMENT
The spectral dependence of the cut-off wavelength region on temperature was investigated positioning the NFC coupling region into the center of the microheater previously used to fabricate the NFC. Light from an incoherent white light source (WLS100, Bentham, U.K.) was launched into port 1 of the NFC and the output of port 3 was connected to an optical spectrum analyzer (AQ6370, Yokogawa, Japan) to monitor the transmission spectrum in real time. The microheater temperature was changed by increasing the current from 0.2 A to 1.2 A in steps of 0.1 A, which caused an increase of the microheater temperature from T = 84°C to 661°C. Temperature calibration of the system was previously performed using a thermocouple positioned in the center of the microheater while the current was gradually increased and decreased. In the NFC experiments, the current was maintained for 15 minutes at each step to ensure that the temperature within the microheater was fully stabilized before being measured.
To evaluate the sensitivity of the nanofiber coupler to temperature, the three transmission wavelength dips which are closest to the cut-off region at the lowest temperature (84°C) were monitored (Fig. 4) . The wavelengths of dip1, dip2, and dip3 are 1505 nm, 1495 nm, and 1487 nm, respectively. A red shift of the transmission spectrum can be clearly observed with temperature increase. The refractive index of the silica glass guiding the supermodes in the fiber coupler increases Relationship between wavelength and applied temperature for different transmission dips: (a) dip1, (b) dip 2, and (c) dip 3. for increasing temperatures due to the thermo-optic effect, therefore, the effective refractive index of the modes supported by the coupler changes. This change causes the shift of the destructive interference responsible for the dips to longer wavelengths. At T = 478°C dip1 moves into the cut-off region and the weak guidance of the odd supermode results in the disappearance of dip1. Similarly, dip2 disappears at T = 661°C.
Results indicate that the wavelength of dip1 can be used to measure temperatures from 84 to 424°C, while dip2 and dip3 for the temperatures up to 620°C and 661°C, respectively (Fig. 5) . By using a second-degree polynomial function, the slope of dip1 at the highest temperature of 424°C was calculated to be equal to 50.80 pm/°C while the slope of dip2 and dip3 at the highest temperatures were calculated to be equal 60.17 pm/°C, and 55.23 pm/°C, respectively.
To compare the temperature sensitivity of the three wavelength dips, the slope of each graph was measured at a single temperature of 424°C (Fig. 6) . In the temperature range The wavelength of transmission dip 3 with the variation of microheater temperature. The red dots and the black dots report measurements for decreasing and increasing temperatures, respectively. of 0 -424°C, the sensitivity of dip1, dip2, and dip3, are 50.80 pm/°C, 37.21 pm/°C, and 33.14 pm/°C, respectively.
The result shows that spectral features at longer wavelengths, especially those in close proximity to the cut-off region, exhibit a higher temperature sensitivity than those at shorter wavelengths and can be used for thermometry. Yet, wavelength dips closer to the cut-off region present a smaller dynamic range.
The repeatability of the NFC thermometer was measured by recording the output spectra for increasing and decreasing temperatures with an interval of one hour. The wavelength shift of the wavelength of dip 3 with the temperature change is shown in Fig. 7 . Results indicate that the NFC thermometer does not exhibit any hysteresis and has a good repeatability.
The response time of the NFC thermometer was also evaluated. The transmission spectrum of the NFC with waist diameter of ∼ 560 nm for decreasing temperatures is presented in Fig. 8(a) and shows a transmission dip at the wavelength λ = 1496.5 nm at room temperature (blue dash curve) and λ = 1499 nm at the temperature of 661°C (red solid curve). When the microheater current is reduced, the temperature decreases and the transmission wavelength dip shifts to shorter wavelengths. Temperature monitoring can be carried out by evaluating the power change over a bandwidth of 1 nm at a fixed wavelength. An Optical Spectrum Analyzer (OSA) was used as a replacement for a passband filter and a power meter at λ = 1500 nm. Figure 8(a) shows that when the temperature was decreased, the recorded intensity at λ = 1500 nm increased.
The thermometer response time was measured by rapidly moving the microheater out from the NFC; the driver current was set at 1.2 A corresponding to T ∼ 661°C (Fig. 8(b) ). The response time was obtained considering the time interval at which the intensity increase reached 1/e of its total change. For the NFC with the waist diameter of ∼ 560 nm the experimental result of the response time was 7.2 ms.
IV. REFRACTIVE INDEX MEASUREMENTS
In the refractive index measurements, the waist region of NFC was immersed in 100 ml of distilled water. As before, Change in transmission in the NFC cut-off region at different ambient refractive indexes. Arrows point at the peak used for the sensitivity measurement of Fig. 10. light from an incoherent white light source was launched into port 1 of the NFC and the output of port 3 was connected to an optical spectrum analyzer to monitor the transmission spectrum in real time. The refractive index (RI) of the solution was increased by adding ethanol into the distilled water by 20 μl at each step. In the experiment, the broad peak in the transmission spectrum was monitored with the changing of ambient RI to achieve a large dynamic range. The result shows that the transmission spectrum of the NFC shifted to shorter wavelengths with increasing ambient RI (Fig. 9) . To measure RI sensitivity of the sensing device, the RI of an ethanol solution was calculated from the calibration curve of ethanol and water mixture as presented in Fig. 10(a) [25] . Figure 10(b) shows the measured spectral response with the ambient RI values which were calculated from the equation presented in Fig. 10(a) . By fitting the wavelength dip and the ambient RI with linear fit, a slope equal to −4.80 × 10 5 nm/RIU was calculated, providing an overall refractive index sensitivity of 4.80 × 10 5 nm/RIU.
V. CONCLUSION
In conclusion, a thermometer and refractometer based on the cut-off wavelength region of a nanofiber coupler have been investigated. These temperature and refractive index sensors have numerous advantages such as compact size, high sensitivity, and fast response. By monitoring the wavelength of the transmission dips with the temperature increase, a thermometer based on the NFC with the large dynamic range and a high temperature sensitivity of 55.2 pm/°C has been achieved. It efficiently detected high temperatures changes, up to 661°C with a response time of 7.2 ms. The temperature sensitivity achieved by using the NFC is approximately 5 times larger than that of sensors based on microfiber couplers. This is a significant improvement compared with earlier demonstrations using larger micron-size fiber coupler thermometers [7] . The NFC also revealed high sensitivity with the ambient refractive index owing to the large evanescent field. A record refractive index sensitivity of 4.80x10 5 nm/RIU was obtained. This is the highest reported refractive index sensitivity for all optical fiber based refractometers.
